ABSTRACT: Extracting tritium of parts-per-trillion-levels from water at room temperature was provided using a protonic manganese oxide with a spinel crystal structure under weakly acidic conditions. Indeed, using 0.48 g of the protonic manganese oxide powder led to the removal of 1.75 × 10
INTRODUCTION
The effective extraction of tritium (T) from water has profound consequences across many disciplines, including chemistry, human health, waterworks, separation technology, and environmental science. T is a radioactive isotope in the hydrogen group, and the almost all of the T in light water (H 2 O) exists as an isotopic water form: HTO. However, the extraction of trace amounts of T from large quantities of water is fundamentally difficult with respect to technology and economy when using any conventional method, such as distillation (1-3) and the catalytic exchange between H and T using hydrogen gas (H 2 ) with precious metals (3) (4) (5) (6) (7) (8) , due to the similarities between in the physicochemical features of the isotopes in water or gas, except for small differences in weight and radioactivity. Manganese oxides crystallize to form various phases (9) , and the spinel crystal structure in the Fd3m space group adopts the chemical (10, 11) . The protonated form (i.e., HMn 2 O 4 ) is obtained when LiMn 2 O 4 makes contact with strongly acidic water (e.g., pH [1] [2] [3] , and the crystal structure of spinel is maintained during the ion exchange reaction between lithium ions (Li + ) and protons (H + ) or deuterons (D + ) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . In this study, the properties for extracting ionic tritium (T + ) into the crystal structure from water under weakly acidic conditions using a nanosized protonic manganese oxide spinel (PMOS) powder were investigated. The chemical composition of the PMOS sample was previously measured to be H (20) . Moreover, the mechanism for extracting T via PMOS was discussed based on experimental results, including the variation in the T concentration in a suspension of the PMOS powder in water, and the reference tests using manganese oxides powders with different crystal structures. analysis. The X-ray diffraction (XRD) patterns of manganese oxides powders were measured to determine their crystal structures via a XRD analysis system (X'Pert, PHILIPS). 
EXPERIMENTAL Chemicals

Methods
Preparation of PMOS
Samples of LiMn
Experiment for extracting T from water using manganese oxide powders
Experiments were conducted by suspending the wet PMOS powder (0.48 g as a dry weight) in the test water (100 mL) that contained at an initial radioactive T concentration of approximately 5.6 × 10 6 Bq/L.
The suspension was stirred in the glass beaker on a magnetic stirrer with a stick magnet coated with a Extracting Tritium Using a Protonic Manganese Oxide Spinel 6 polytetrafluoroethylene (PTFE) at room temperature in air, and the pH of the suspension was adjusted to remain between 5.0 and 6.0 during the experiment, using 0.01 or 0.1 M NaOH solutions. To determine the changes in the T concentrations of 1.2 mL batches of the filtered test water sample, which were collected at regular time intervals from the suspension, using a syringe (SS-02Sz, TERMO) with an attached disposable filter unit (DISMIC-AS25, 0.2 μm mesh, ADVANTEC). Each 1.0 mL of test water was fractionated accurately from each 1.2 mL of sample. Finally, these fractionated samples (1.0 mL)
were used to measure the radioactive concentration of T. In this study, other crystal structures of MnO 2 powders were examined as references in similar experiments for extracting T.
RESULTS AND DISCUSSION
Extraction of T using various crystal structures of manganese oxides Figure 1 shows the variation in the radioactive concentration in samples (1 mL) collected from the test water batches (100 mL) with suspended the PMOS powder (0.48 g). After confirming the results, we observed a significant decrease in the radioactive concentration during the first 20 min and a subsequent increase after a minimum concentration was reached on the curve. Accordingly, using a flow-type LSC system to perform in-situ measurements for monitoring the changes in the radioactive concentration of T is necessary. The system can indicate the correct timing for separating PMOS from the treated water before reaching the saturation of the T extraction. The radioactive concentration of T in the samples was Figure S1 ). This brown coloration likely originated from the dissolution of the manganese (Mn) in the PMOS. Previously, no such dissolution of Mn has been observed during the extraction of H + or Li + using PMOS (20) . The dissolution may be an effect of the beta-ray irradiation from the T + being extracted by the PMOS; the beta irradiation reduces Mn atoms to soluble Mn 2+ ions.
Other crystal structures of MnO 2 powders were examined in similar experiments for extracting T. The results are shown in Figure 2 . For example, the RMO sample, which has an orthorhombic crystal structure at high purity, was investigated as a reference. The RMO in water provides a protonic surface based on a weak covalent H + bond between the oxygen pairs in the crystal structure (25) . Moreover, the surface area of the RMO powder estimated from a nitrogen adsorption isotherm and its BET analysis Extracting Tritium Using a Protonic Manganese Oxide Spinel 8 was found to be 80.0 m 2 /g. This value is larger than that of the PMOS (e.g., 33.0 m 2 /g). However, the RMO sample did not show any signs of T extraction. In addition, the CMO sample that contains various crystal structure of MnO 2 and the BMO sample that has a rutile crystal structure at high purity, were investigated as other references. Those MnO 2 samples also showed negative results for T extraction.
Therefore, the T extraction by manganese oxides obviously depends on the manganese oxide crystal structure. The XRD patterns of manganese oxide powders used in this study were compared (See the supplementary information, Figure S2 ). Figure 3 presents the variation in T extraction observed using wet and dry PMOS samples. The wet PMOS sample suspended in the test water showed 30% or more decrease in the ratio of T radioactivity at 20 min reaction time compared with that of the initial T radioactivity in the test water. In contrast, the decrease ratios when using the dried samples were significantly lower than that when using the wet PMOS sample. This is probably because of the decrease of H + content in the crystal structures of dried samples due to the evaporation of H 2 O on drying. For example, a decrease of 26% in the H + content of the spinel crystal structure when using a PMOS sample dried at 130 °C in air for 3h has been previously reported (20) . Consequently, the result shown in Figure 3 indicates that PMOS requires sufficient H + content in the spinel crystal structure to promote the extraction of T from water. 
Influence of dryness of PMOS on T extraction
In previous studies, the position occupied by H + in the spinel crystal structure of H x Mn 2 O 4 was discussed by considering experimental/theoretical methods such as neutron diffraction (18, 19) , inelastic neutron scattering (18, 25) , and first principles (26) . The consensus from these studies is that H + forms OH cluster bonding with one of four neighboring oxygen ions, which construct a tetrahedral 8a cavity in the spinel crystal structure (26) . Thus, T + is expected to behave similarly to H + in the crystal structure of PMOS. However, from Figure 1 , we conclude that the maximum amount of T absorbed by the wet PMOS sample (1 g) was determined to be 1.0 ng/g at 20min reaction time. This value is 5.8 × 10 8 times lower than the ideal maximum T absorption capacity (i.e., 17.2 mg/g) for ion exchange between T + and Extracting Tritium Using a Protonic Manganese Oxide Spinel 10 H + , which can be estimated by considering the mass ratio of T/HMn 2 O 4 . The amount of T absorbed by PMOS is predicted to decrease if there is insufficient H + content in the crystal structure or at extreamely low molar concentration of T in the test water. However, at present, the effect or reaction that occurs in the crystal structure of PMOS on absorbing T after the beta decay of T is uncertain.
The most fascinating effect observed in this study was a remarkable decrease in the radioactive concentration of T during the first 20 min, as displayed in Figure 1 . This result indicates that by PMOS, the ion selectivity for T + is higher than that for H + because the molar concentration of T (5.2 × 10
mol/L) is 200-2000 times lower than that of H + (10 -6 to -5 mol/L) in the test water. We expect that the T ion selectivity by PMOS arises because of a difference in diffusion rates between T + and H + in the spinel crystal structure. The diffusion rate of T + is probably lower than that of H + , which enables an increase in the amount of T stored in the PMOS. Such a difference in diffusion rates between T + and H + could be explained by the difference in their mass and might result from the interactions among T + , H + , or byproducts (i.e., electron, helium ion, and electron antineutrino) produced by the beta decay of T within the crystal structure of PMOS.
In general, the almost all of the T in water exists as an isotopic water molecular form: THO, because the degree of ionization in water molecules is very low in the equilibria, Eqs (2a, b).
Extracting Tritium Using a Protonic Manganese Oxide Spinel 11 Therefore, to promote the absorption of T + by PMOS, a progressive mechanism for supporting the significant decrease of the T radioactive concentration as shown in Figure 1 was required. We hypothesize that the surface of PMOS powder can oxidize isotopic hydroxide ions (i.e., OT -) via Eq. (3).
In previous studies, a novel capability for the oxidation of hydroxide ions (OH -) in water using manganese oxides powders has been reported (15, 27) . 
CONCLUSIONS
In this study, the novel capability for extracting tritium from water at room temperature using a protonic manganese oxide spinel was reported. The yield for extracting tritium from a test water that contained tritium as an initial concentration of 5.6 × 10 6 Bq /L using PMOS was 1. 
